The oxidation of benzylic C-H bonds constitutes one of the most fundamental transformations in organic synthesis. 1 High valent metal oxides such as CrO 3 have long been employed as the oxidant in the hydrocarbon oxidation. 2 However, stoichiometric use of metallic oxidant could cause a problem associated with either an environmental pollution or difficult separation of the metal reagent from the product. Therefore, as an advanced process, catalytic use of metal complexes in combination with organic oxidant has attracted an attention for the activation of hydrocarbons. 3 Previously we have reported that (salen)Mn(III)Cl complex 1 could be used as a catalyst in the benzylic C-H oxidation using NaOCl or PhI=O as an oxidant. 4 During the process of this study, we were needed to find the more efficient catalyst. Thus, we decided to investigate other (schiff base)Mn(III) complexes for the catalyst. Described here is the result of our observation on this subject.
For the screening of the catalytic activity, we have synthesized several (schiff base)Mn(III) complexes 1-8 according to the literature procedure. 5 The catalytic activity of the complexes was examined using ethylbenzene as the model substrate. The result is summarized in Table 1 . The reaction was carried out using 4 mol% Mn(III) complexes and 3.0 equiv. of iodosobenzene as the oxidant. The reaction was monitored using gas chromatography using 4'-chloroactophenone as the internal standard. 6 Employment of the (salen)Mn(III) complex 1, the catalyst used in the previous report, 4 afforded the product (acetophenone) in 39% yield (53% conversion). Trial of the other salen-Mn(III) complexes (2, 3) provided slightly lower conversion yields (entries 2, 3). When the complex 4, where 1,2-diaminobenzene-derived ligand was coordinated, was used as the catalyst, slightly higher conversion and product yields waere observed. The complex 5, where Cl-substitute was introduced in the ligand, gave no better activity over the complex 4 (entry 5). The complexes 6-8, where 1,3-diaminopropane was involved in the ligand, afforded the worse results. From this survey, it was shown the complex 4 has shown the best catalytic activity, even though the difference of the catalytic activity were not high among the complexes 1-5. The reactivity difference between the salenMn(III) type complexes could be ascribed to their different electronic and steric properties, which has already been observed in the other type of oxidations. 7 The other factor worthwhile to mention is the chemical stability of the ligand. In complexes 1-3, they contain C sp3 -H bonds which are considered to be labile under this oxidation. For example, when a simple hydrocarbon such as dodecane was subjected to this reaction conditions, 57% of starting material was converted to oxidized mixtures based on 4'-chloroacetophenone as the internal standard. On the other hand, the complex 4 does not have C sp3 -H bonds, and therefore is considered to be relatively stable.
With the result in Table 1 at hand, we performed the oxidation with various types of substrates. During the study of this reaction, it was found that the more reliable results were obtained when the reaction was conducted using 8 mol% catalyst under ice bath in the presence of molecular sieve as an additive. The results are summarized in Table 2 . When cumene was examined as the substrate, the hydroxylated product, 2-phenyl-2-propanol, as well as methylcleavaged product, acetophenone, was as the major products (entries 1-3). The catalytic activities for complexes 1, 2 and 4 were also compared. As observed in Table 1 , the complex 4 proved the better catalyst affording the products in 86% conversion and 54% yields. The other unidentified minor products were observed as small impurities based on GC analysis. When sec-butylbenzene was tried as the substrate, similar product pattern was observed (entry 4). Triphenylmethane was also tried as the substrate (entry 5).
Triphenylmethanol was obtained in 75% isolated yield, and small amount of benzophenone was observed as a minor product. In entries 6-10, it has shown that benzylic methylenes were selectively oxidized to the carbonyl compounds. Ethylbenzene and diphenylmethane were oxidized to the acetophenone and benzophenone in 65 and 67% yield (entries 5, 6). Tetrahydronaphthalne (in entry 8) was selectively monoxidized to α-tetralone in 55% yield. In entry 9, isochromanone was selectively oxidized to dihydrocoumarine in 77% yield. In entry 10, xanthene was efficiently oxidized to xanthenone in 80% yield. From this study, it is observed that methylene oxidation to carbonyl is more efficient than the methyne hydroxylation under this reaction condition. The reaction mechanism for the oxidation of methylene to carbonyl group was tentatively proposed in equation 1. The oxidation was considered to proceed using Mn(V)=O as the active species. (Salen)Mn(III) is well documented to generate Mn(V)=O by use of appropriate oxidant such as NaOCl or PhI=O. 8 The generated Mn=O can attack benzylic C-H to provide the carbon radical intermediate 9b and Mn(IV)-OH, which can undergo recombination (Mn-OH rebound) to afford hydroxylation product 9c. If 9c is a secondary alcohol, it could undergo further oxidation to give the carbonyl compound such as acetophenone 9d. 9 Indeed, as a control study, subjection of the alcohol 9c (R=H) to the reaction condition led to clean oxidation to give 9d.
(1)
On the other hand, when the oxidation of tertiary alcohol 9c (R=CH 3 ) was conducted under this condition, no reaction was observed. Therefore, the equation 1 is not sufficient to explain the generation of acetophenone from the oxidation of cumene (in entries 1-3 in Table 2 ). As an alternative procedure, we assume that it is reasonable to propose an alkoxy radical intermediate 9f as a precursor leading to 9d (eq. 2). The alkoxy radical 9f, generated by the disproportion of cumylperoxy radical, has been already proposed as an intermediate in the autoxidation of cumene to provide 9d. 10 Accordingly, when we tried the reaction under N 2 condition to eliminate the possibility of O 2 -mediated oxidation, the product ratio of 9c/9d increased slightly to 62/38 (compare to the ratio of 58/42 in Table 2 ). But, the product yields are almost same under N 2 condition. In addition, when the reaction was conducted under O 2 condition, a result similar to that shown in entry 3 in Table 2 was obtained. Thus, the involvement of O 2 dissolved in the solvent might be only partially responsible for the production of 9d. The other pathway leading to alkoxy radical 9f was tentatively proposed in equation 2. The Mn=O species could interact with the carbon radical 9b to make an intermediate 9e, which eventually can make a homolytic cleavage to afford 9f. When the amount of PhI=O was reduced to 1.0 equivalent, the ratio of 9c (R=CH 3 )/9d increased to 70/30. 
Notes
This could be explained by suggesting that the reduced concentration of Mn=O species make the pathway leading to 9e less favorable, which resulted in the decrease of 9f production. However, further studies are still needed to support the proposed this reaction mechanism.
In this paper, by screening of Mn(III)(Schiff Base) complexes, we have shown that the complex 4 was good catalyst for the benzylic C-H oxidation. The complex 4 was found to be easy to handle due to its stability to moisture and air. This process also has mild reaction conditions. Considering the reaction mechanism, the Mn=O species are considered as the active oxidation species. Further mechanistic studies to understand the detailed reaction process are still in demand.
Experimental Section
Iodosobenzene was prepared from the hydrolysis of iodosobenzene diacetate.
11 (Schiff Base)Mn(III)Cl complexes 1-8 were used after preparation according to the literature procedure. 5 All of the organic substrates were purchased from Aldrich and used without further purification. The reaction was monitored using gas chromatography (Model: Yonglin M600D) adapted a capillary column (HP-5). The products were identified using GC/MSD (Model: Hewlett Packard HP 5890) or 1 H and 13 C NMR (Model: Jeol Lambda 400MHz) spectrum of the isolated compounds.
General Procedure. To a round-bottomed flask were placed a substrate (1 mmol), the complex 4 (33.8 mg, 0.08 mmol), molecular sieve 4 Å (800 mg) and solvent (CH 3 CN, 10 mL). The reaction mixture was stirred for 3 hr under ice bath. After the brine solution (25 mL) and diethyl ether (25 mL) were added to the reaction mixture, the organic layer was separated. The small portion of the organic layer was used for GC analysis. The organic fraction was concentrated, and purified by silica gel column chromatography. The products were identified using GC/MSD or NMR spectra by comparison to the authentic reagent.
